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INTRODUCTION
Previously reported NMR studies of the neutral and protonated forms of the mononucleosides ethenocytidine (EC) and ethenoadenosine (EA), defined their structures, conformations and sites of protonation 1n solution 1n comparison to that in the crystal state. (1,2). Carbon NMR chemical shifts were shown to be just as Indicative of the site and extent of protonation as were 15 (19) and Is basically a modified version of the well-known refocused INEPT experiment (20) . The pulse width of the 45° H pulse was set to 5 ms (10 dB attenuation). High power decoupling was used during data acquisition. Among the chemical methods for assignment, shifts Induced by selective methylation (10 MeEA and 11 MeEA) were found useful. Infra-red Spectroscopy Infra-red (IR) spectra of m A and its hydroiodide, and EA and its hydrochloride were taken on a Nicolet FTIR spectrometer. All samples were prepared in KBr pellets. (Table 1 and reference 21) .
Also the proton-carbon coupling constants (J-H ) for the protonated forms of the mononucleosides are similar, 1n the range of accuracy, to the couplings of the corresponding methyls 1n tRNA Phe (Table 1) .
To confirm that the methyl carbon chemical shifts of m A'HI and m G plus TFA, were truly attributable to the protonated forms of the mononucleosides, we characterized both the neutral and protonated forms of these mononucleosides and EA as a model compound for n^A, by H and N-NMR and by IR spectroscopy. This Investigation also revealed the sites of protonation. Proton NMR (Table 2) . Thus, the hydroiodide corresponds to the protonated form of the nucleoside. Differences 1n proton chemical shifts of the non-exchangeable protons for neutral versus protonated nucleosides 1n PBS corresponded 1n direction and size to those 1n DMSO ( Table  2) .
The broad proton resonance at 7.00 ppm 1n the spectrum of neutral m A 1n DMSO (Figure 1) integrated to a single proton (relative to H-8, or H-2) . It was a fully exchangeable proton not seen 1n deuterated aqueous solutions of m A (Table 2) Figure 2B ),from the x-ray crystallography data of the nucleosides with that of m A ( Figure 2C ) from yeast tRNA Phe. Figures (2 and 3) were produced from the Cartesian coordinates of the respective x-ray crystallographic data by means of the molecular graphics computer program, PCMODEL (Academic Press, Inc.). X-ray crystallographic data and solution conforraational parameters of the neutral and protonated forms are shown in the accompanying tables. Evaluation of syn/anti conformations was based on the relationship between vicinal J rH = (C8-H1 1 ) -(C4-H1 1 ), and the prevalent cBnforraer which is anti 1f J CH >0, and syn 1f J CH <0 (34) . are shown in Figure 2 for m A and Figure 3 for m G and Indicate that the neutral form of m A is somewhat preferentially in the 2'-endo conformation (62%); whereas that of m G 1s comprised of equal proportions of conformers (53% 3'-exo). The extent of these conformers in solution was analysed by a statistical comparison of >),," values for a variety of nucleosides of known conformation (16) as well as from 2D NOE spectra. Both nucleosides primarily take the gauche conformation of the exomethylene group. Their conformations around the glycosidic bond under physiologial conditions are primarily syn for m G and ant1 for in A (Figures 3 and 2, respectively) . However, with the protonated forms m G 1s a mixture of syn and ant1 conformations; whereas m A 1s anti.
Conformational parameters for the neutral and protonated forms of EA were found to be comparable to those of m A and m A'HCl, respectively ( Figure 2 ).
Nitrogen NMR chemical shifts of neutral and protonated adenosine (A) and m A 1n DMSO are compared 1n Table 3 . An (24) and the proton coupled, nitrogen spectrum of n^A. Published assignments for ethenoadenosine (EA) were also useful (1) . Note that the most significant ring nitrogen chemical shift alterations were strong upfield changes occurring with protonation at N-l 1n adenosine and NH 2 -6 in ra A, as well as N-6 of EA. The 15 N spectra of n^A confirm the protonation of NH-6 to NH 2 -6 seen 1n H-NMR studies. In all three adenosines the most dramatically changed nitrogen is that which becomes fully protonated. However, we also observed smaller changes in chemical shifts on other nitrogens as expected of protonated heterocyclic ring systems (Table 3) . Infra-red (IR) spectra were taken of m A, m A'HCl, and the corresponding model compounds EA and EA'HCl to obtain additional Information on the nature of double bonds 1n these two pairs of nucleosides, particularly the bond of C-6 to N-6. IR spectroscopic data on the forms of EA will directly reflect the known crystallographic structures of EA. IR spectra of the neutral and protonated forms of EA and m A are compared 1n Table 4. The table shows assignments, and a comparison of scissoring and stretching vibrations of the double bonds 1n m A and EA. Assignments were made by comparison to the work of Tsubol on adenosine (25, 26) . Spectra of the neutral forms of EA and m A had scissoring bands for double-bonded C6=N6 (1648.5 and 1650 era , respectively) and stretching bands for C6-N6 (1299.6 and 1298.2 cm" , respectively), which disappeared 1n the protonated forms. In the protonated forms these lines were replaced with scissoring and stretching bands of C6-NH2 for mVHI {1685 and 1239 on" 1 , respectively) and of C6-N(H) C NMR data that showed protonation occurring at the N-6 position of both EA and m A. As a band of reference, the C2-H bending vibration for both forms of A and EA was located at 1384 cm' 1 .
DISCUSSION
In this paper we have concentrated on detailed investigations of neutral and protonated forms of m A, m G and the model compound EA in order to better understand the role of protonation in molecular biology. Our goals also Included ellucidating the biological function of two common, methylated ?Infra-red bands are reported in cm" . Band numbers refer to lines in Figure 5 . The strength of a band is reported as: vs, very strong; s, strong; m, medium.
C NMR studies of the halide salts of the mononucleosides suggested a similarity 1n electronic configuration to these two nucleosides in native tRNA structure.
What are the electron distributions 1n the mononucleosides under these conditions and do they constitute positively charged nucleosides?
7-Methyiguanosi ne. The neutral and protonated forms of m G were found to coexist in a crystal structure (11) . The protonated form has an additional proton at position N-l. Electronic structures and conformational parameters of both the neutral and protonated forms of m G in the crystal state and 1n solution are presented 1n Figure 3 . Protonation at N-l essentially removes the negative charge at 0-6 of the zwitterion leaving the positive charge 1n the imidazole ring. Neutral and protonated m G in the dual-crystal take opposite conformations about the N-glycos1d1c linkage. The neutral form 1s syn; while the protonated form 1s anti. In solution the neutral form is typically syn; whereas the protonated form 1s a mixture of syn and anti conformations 1n DMSO, and 1n PBS. The *H and (27) is the same as that for the fully protonated nucleoside 1n PBS (Table 1) .
1-Methyiadenosine and Ethenoadenosine. Because of the absence of any crystallographic data on m A our reference has been made to the x-ray crystal lographic structures of adenosine and adenosine hydrochloMde (28, 29) , and ethenoadenosine and ethenoadenosine hydrochloride (12, 13) N-NMR spectra will reflect these distributions. N1trogen-15 NMR spectra and signal assignments of EA and EA'HCl have been published (1) and are presented 1n Table 3 The altered electron distribution 1n protonated ra A and EA 1n comparison to the neutral forms was reflected qualitatively and quantitatively, in changes 1n carbon chemical shifts (Table 1) . We have observed that protonation significantly changes the carbon chemical shifts either upfield ( A=-ppm) or downfield ( A =+ppm) for certain ring carbons of these purine nucleosides (2) . Carbon chemical shift changes with protonation of EA and A are related to the position of the carbon versus the site of protonation, i.e., N-6, or N-l, respectively. Thus, carbons ato N-6 protonation site 1n EA (C-6 and C-10) exhibit large upfield shifts with protonation; whereas with A, 1t 1s those carbons a to N-l (Table 1) . Carbons eto the protonation site also move upfield; while those y , move downfield. These changes in chemical shift (Table 1) or when Mg ions are removed (21) . The integrities of the puMne ring structures are supported by protonation either at low pH (<pH 6) for the mononucleosides, or tertiary structure base pairing in tRNA.
This paper is fourth in the series: Comparative structural analysis of mononucleosides and their salts. We would like to publish 1n the near future the last paper 1n this series demonstrating the role of different counter ions in the structure of protonated nucleoside salts.
